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We propose a teleportation scheme that relies only on single-photon measurements and Faraday 
rotation, for teleportation of many-qubit entangled states stored in the electron spins of a quantum 
dot system. The interaction between a photon and the two electron spins, via Faraday rotation in 
microcavities, establishes Greenberger-Horne-Zeilinger entanglement in the spin-photon-spin system. 
The appropriate single-qubit measurements, and the communication of two classical bits, produce 
teleportation. This scheme provides the essential link between spintronic and photonic quantum 
information devices by permitting quantum information to be exchanged between them. 



PACS numbers: 78.67.Hc, 75.75.+a, 03.65.Ud, 03.67.-a 

The information contained in a quantum two-level sys- 
tem cannot be fully copied. This limitation, which is 
a special case of the no-cloning theorem^, describes 
a fundamental difference between classical and quan- 
tum information. For a quantum information processor 
the operation that can partially replace copying is the 
ability to transfer quantum information from one sys- 
tem to another. When the transfer is separated into 
a channel of classical information and one of Einstein- 
Podolsky-Rosen (EPR)@ correlations it is called "quan- 
tum teleportation" . One of the most spectacular achieve- 
ments in the manipulation of quantum information^ is 
the successful teleportation of the quantum superposi- 
tion of a single-photon state 4] by means of entangled 
photon pairs 5j . EPR teleportation of a single photonic 
qubit, as originally introduced theoretically p|, and re- 
alized experimentally^, 0| requires both the generation 
of one maximally-entangled two-photon pair (a "Bell 
state" ) and a two-photon entangled measurement of one 
member of this pair along with the original photonic 
qubit (a "Bell measurement" ) . The original telepor- 
tation scheme only permitted the transfer of a single- 
qubit state, but recently, this scheme has been extended 
theoretically to the case of single-qudit states^ (the 
higher-dimensional version of single-qubit states), two- 
qubit states[2(, and three-qubit states 10]. It has also re- 
cently been shown experimentally that the entanglement 
between two qubits can be teleported, again by means 
of Bell measurements^]]. Teleportation of single ionic 
spin states 0, 0] has also been demonstrated recently, 
and the Bell measurements were implemented by a Ra- 
man phase gate applied to two ions, followed by single- ion 
spin measurements. 

Here we propose a teleportation scheme for an arbi- 
trary number of electronic qubits that does not require 
an intermediate electronic qubit, or the use of exter- 
nal lasers to implement a phase gate. Instead of gen- 
erating and measuring Bell states between the electronic 



qubits, this scheme relies on entangling both of the qubits 
with a single photon, yielding three-particle entangle- 
ment (a Greenberger-Horne-Zeilinger (GHZ) state^l) of 
the qubit-photon-qubit Hilbert space. Any qubit that 
can be entangled with a photon can be used, but for 
specificity we consider here qubits encoded in the electron 
spin of individual quantum dots. Fig. ^ shows our tele- 
portation scheme for teleporting a many-qubit state from 
D to D' . In the specific approach we describe, the estab- 
lishment of spin-photon entanglement occurs naturally 
through conditional Faraday rotation in a microcavity. 
We emphasize that the entanglement of the destination 
qubit and the photon can be performed first, and this 
photon can be retained at the origin indefinitely before 
it is entangled with the origin qubit, thus our procedure 
is teleportation, not quantum transmission. The sending 
of the photon from the destination to the origin, after it 
is entangled with the destination qubit, is the step cor- 
responding to the distribution of EPR pairs in teleporta- 
tion. Our EPR pairs, however, are a hybrid consisting of 
an entangled electronic spin and photon polarization. We 
find teleportation can be implemented using only single- 
photon measurements: measurement of the polarization 
of the photon entangled with both qubits, and measure- 
ment of the spin orientation of the origin qubit via a 
single photon. 

We describe below in detail our teleportation scheme 
for one qubit (see Fig.0). We consider one excess electron 



in one quantum dot in a general single-spin state ij)^' ) = 

a IT) + P 1 1) j where the quantization axis is the z axis. In 
order to distinguish clearly each step of the teleportation, 
we introduce the times tA < tA + T < ts < tc < to, 
where tA = 0. The photon propagating in the — z di- 
rection is initially linearly polarized in the x direction, 
and interacts first with the destination spin, which is ini- 
tialized parallel to x. Thus the destination spin-photon 
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wavefunction is 
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virtually create an electron and a heavy hole, or virtually 
create an electron and a light hole (see Fig. 3). No scat- 
tering from left to right circular polarization is possible, 
for if light of polarization at^ ( a 7 z )) i s absorbed, Pauli 
blocking in the dot forces af,s ( cr 7 z \) to be re-emitted. 
These virtual processes lead to conditional Faraday ro- 
tation, that is, conditional phase shifts e lS ° or e tS ° of 
the components of the electron-photon state depending 
on the photon polarization and spin orientation. After 
the interaction of the initially uncntanglcd photon with 
the quantum dot, the resulting electron- photon state is 
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where 
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nates from the virtual process where a photon cre- 
ates an electron and a heavy hole, and 



( a (z)) IT') + a (z)) I J-')) originates from the virtual 
process where the photon creates an electron and a light 



hole. Both 
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are EPR states. We de- 
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fine now the photon state \<p) = cos<y9|<->) + sin<^||) 
with a linear polarization rotated by tp around the z 
axis with respect to the state |<->) of linear polariza- 
tion in the x direction. We can also write \<p) — 

/\/2. Consequently, 

n /2 
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where So = S^' 1 — S h . Thus the spin-photon interac- 
tion produces a conditional single-photon Faraday rota- 
tion around the z axis by the angle ±So/2. If Sq = n/2, 
the linear polarization of the incoming photon is rotated 
— 7r/4 by the spin up component, and at the same time 
is rotated +7r/4 by the spin down component, yielding 



two orthogonal photon polarizations. Thus ^r e /(T) 

(l\> IT') + I/") II')) /\/2, which is maximally entangled. 
In order to enhance the spin-photon interaction suffi- 
ciently to achieve So = 7r/2, each quantum dot should 
be placed in its own microcavity (as shown in Fig. 2). 
Using a switchable cavity, as will be described below, 
permits the precise control of the Faraday rotation an- 
gle So/2 necessary for high fidelity teleportation. After 
interacting with the spin at D' the photon is sent to D, 
and can be retained as a resource for teleportation from 
D to D' for as long as desired. 

When it is time to teleport the spin at D to D' we 
let the photon interact with the quantum dot at D, giv- 
ing rise to a GHZ state in the hybrid spin-photon-spin 
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FIG. 1: Teleportation of the many-qubit state located initially 
in the quantum dot system D to the quantum dot system D' . 
Each quantum dot of D at Vj is connected to the quantum 
dot of D' at r'j through the photon j. This requirement can 
be satisfied using quantum dots of different sizes, where each 
pair of dots at r, and r'j have the same size. Then each pair of 
dots can be connected by a photon with the proper resonant 
frequency. Another approach could use fiber-optics to ensure 
a unique connection between each pair of dots at Vj and r'j. 
The independent single spin detection apparatus required for 
teleportation is sketched in Fig. 2. 



system. After this interaction we obtain 
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Choosing So = 7r/2, we obtain 
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in the S x representation for the spin at D. 

We now perform measurements to complete the tele- 
portation. If the linear polarization of the photon is mea- 
sured first, then depending on the two initial spin orien- 
tations [see Eq. Q], collapse of the wavefunction leaves 
the qubits at D and at D' in one of the four Bell states. 
After performing a single-spin measurement in x direc- 
tion of the spin at D (which, as described below, can be 



3 



done with a single photon), the spin state at D' is pro- 

-a\V) + /3\l'), 
= P\V) + a\l'), 



jected onto [see Eq. ©] V-'oi^( i £ > )) 

^(t D )) = -a\Y)-f3\l'), 



^eP(*-D)) = @\V) ~ a \i') with equal probability. 
These projections correspond exactly to the states ob- 
tained in Ref. [jj. After communicating classically the 
outcome of the measurement of the linear polarization of 
the photon and D's spin orientation along S x to D' , the 
original spin state of D can be reconstructed at D' and 
teleportation is complete. The same amount of classical 
communication (two bits) is required for our approach 
as was required in Ref. |5j. However, no intermediate 
electronic qubit was required, and the measurements are 
simply performed with single photons. 
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FIG. 2: The teleportation of the many-qubit state can be 
regarded as the independent teleportation of each spin state 
from Tj to r'j, mediated by photons traveling in the —z direc- 
tion. In order for the photons to scatter off the quantum dots 
with a probability close to unity, each dot is embedded into 
a microcavity. The microcavity has different lengths in the 
z and the x directions, so that the scattered photon cannot 
change its direction. Single-spin detection is performed by 
photons propagating in the x direction. All the photons are 
measured independently from each other. 

The approach for two or more dots closely resembles 
that for one dot. The teleportation can still be performed 
bit-by-bit, so long as photon j (j = 1, 2, 3, ) coming from 
the dot at of D' travels to the dot at r 3 of D (see Figs. 
1 and 2). Teleportation is mediated by photons that scat- 
ter independently off the dots and the conditional phase 
shifts from each spin can be treated independently. This 
approach provides a method of teleporting a many-qubit 
state of an arbitrary number of qubits, always relying 
only on single-photon measurements. 

Faraday rotation to entangle the photon and electron 
spin [Eq. 0J] also provides the way to measure the spin 
with a single photon. We assume that our microcavities 
have an additional resonant mode at a different frequency 
for photons propagating in the x direction. Eq. Q shows 
that if the spin on the quantum dot points in the +x (—x) 
direction, this incoming linearly polarized photon is con- 



verted into an outgoing circularly polarized photon 
(cr7 x \)- Measuring the circular polarization of the photon 
after it escapes yields the spin orientation along x. Elec- 
trical single-spin measurements at D could use instead 
a single electron transistor (SET), converting the spin 
information to charge information |l5l Il6|. Each of the 
steps along the way so far could be performed with high 
fidelity (time-correlated single photon counting permits 
a counting efficiency close to one 17]). Accurate control 
of the Faraday rotation will be discussed more below. 

The spin-selective coupling between the electron spins 
and the photons, which leads to their mutual entan- 
glement (and eventually to teleportation), is highly en- 
hanced by surrounding each of the dots by its own indi- 
vidual high-Q microcavity [lf^ (shown in Fig. 2). Each 
microcavity has a single well-defined left-circularly polar- 
ized photon mode (and a right-circularly polarized pho- 
ton mode of identical frequency) nearly resonant with 
the fundamental optical transition of the quantum dot. 
As we rely on nonresonant interaction of photons both 
in the z and x directions, the four highest-energy va- 
lence states should be nearly degenerate (corresponding 
to nearly spherical dots of zincblende or wurtzite mate- 
rial), i.e. their energy difference is much smaller than the 
detuning energy huj^- Then, in both the z and x direc- 
tions, we get ~ 50% selection rules (see Fig. 3), which 
produce a conditional phase shift (Faraday rotation) de- 
pending on the spin state of the excess electron on the 
quantum dot. 

The Faraday rotation from the virtual process where a 
photon creates an electron and heavy hole is three times 
larger than that from the virtual process where a photon 
creates an electron and light hole, and is in the oppo- 
site direction [l^. Using the electron-photon interaction 
energies Vhh and Vih, ^hh = U h 2 h //i 2 Wd = 3V^/h 2 uJd and 
^ih = V^/fPud are the rotation rates. Thus the phase 
shift accumulated by the photon state during the pho- 
ton's residence time T in the microcavity is given by 
.So h = ^hhT and S l h = fl lh T for heavy and light holes, 
respectively. So the total phase shift is So = 5 lh — S h = 
(^hh-^m)T = ^0^. If S = tt/2 (modulo 2tt), the 
photon and electron spin become maximally entangled. 

We desire the interaction strength between the pho- 
ton and the quantum dot transition to be weak, i.e. 
VhhjVih <C hujd- The frequency of the photon is tuned 
below the bandgap £gap, which leads to nonresonant in- 
teraction. Typical values for the bandgap and the level 
broadening are E gap = 1 eV and r = 10 ^eV (see 
Ref. |20j), respectively. The interaction time between 
the photon and the electron spin is about T = 1 ns 
(much smaller than the limitin g sp in decoherence time 
in semiconductor nanostructures|2 lj ) . leading to a band- 
width of r p hoton = 0.7 /xeV. If the size of the microcavity 
is 3.5 [im 3 , Vhh is typically 50 /^eV. Thus for a reason- 
able choice fruid ~ 1.5meV 3> r,ri asor , the scattering 
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FIG. 3: Selection rules for the photon-dot interaction in the 
z direction. At the top (bottom), the excess electron is in the 
spin up (down) state. Due to Pauli blocking, only the crj, 
(<Tj~j) photon can excite a virtual electron- hole pair on the 
quantum dot for the heavy hole states with \ J Z \ = 3/2. Also, 
only the aT^ (°7^)) photon can excite a virtual electron-hole 
pair on the quantum dot for the light hole states with \J Z \ — 
1/2. Emission of the cx^ ( CT (~i)) photon in the z direction is 



ensured by the boundary conditions of the microcavity shown 
in Fig. 2. 



frequency can be adjusted to Q — § x 10 9 s 1 
consequently So = n/2. Thus reasonable values, 



are f2 



10 a 



and 
for a 
and 



3.5 /(m 3 volume cavity [2. 
T = 1 ns. 

To control the interaction time T precisely the mi- 
crocavity should be actively Q-switched with an electro- 
optic modulator. Response times of such modulators can 
be less than 1 ps (see, e.g. Ref. HH), which leads to 
a phase error of the order of 1 ps/1 ns = 0.1%. The 
Q-factor can be as high as Q — 1.25 x 10 s in semicon- 
ductor structures, which is equivalent to a photon life- 
time of r = 43 ns (see Ref. 24]). Although this Q was 
achieved for a much bigger, 10 5 /xm 3 cavity, there is no 
insurmountable reason the same processing could not be 
applied to cavities of the size of 3.5 /im 3 . The theoretical 
limit on Q for such a cavity is ~ 10 13 (see Ref. [1^). In- 
sertion of a spherical (colloidal) quantum dot into a 2D or 
even 3D photonic crystal with holes j2|| |2?| would likely 
be simplest. After T = 1 ns in the small cavity, before 
Q-switching, the escape probability is 1 — e~ T / T = 2%. 
Thus the entangled state can be produced with high fi- 
delity. 

Our teleportation scheme also provides a general link 
between spintronic quantum information devices and 
photonic ones. Letting the photon interact only with the 
spin at D gives the possibility to transfer \ip c (0)} onto the 
photon state, and back. As one example of a general class 
of optospintronic quantum information devices we sug- 
gest a Quantum Dynamic RAM (QDRAM) memory |3j. 



In such a QDRAM the many-spin state would be trans- 
ferred to the many-photon state and back. As the deco- 
herence time of photons is much longer than the deco- 
herence time of the spins of electrons, it would be useful 
to keep the quantum information encoded as photons be- 
tween error-correcting operations acting on the electron 
spins. Thus the refresh time could be much longer than 
the decoherence time of the electrons. Now that an ef- 
ficient method of transferring quantum information be- 
tween spintronic and photonic systems is available, many 
other such devices can be imagined which also exploit 
the complementary advantages of spintronic and pho- 
tonic quantum information processing. 
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